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My first encounter with the Golgi complex was on a trip 
to interview prospective postdoctoral mentors. I dropped 
in on Jim Rothman, who had recently arrived at the 
Department of Biochemistry at Stanford to explore the 
inner workings of the secretory pathway. Three hours 
later, after a very intense dialog on the need to study 
the function of the Golgi biochemically, I was hooked. 
In 1980, the cell biology of the secretory pathway was 
at a descriptive stage based on the important morpho- 
logical insights provided through application of electron 
microscopy by George Palade and colleagues (Palade, 
1975). Identification of the molecular components dic- 
tating transport hrough this pathway had yet to begin. 
Although autoradiography of protein movement through 
the early secretory pathway revealed that transport was 
vectorial, the biochemical mechanism by which transfer 
occurred, particularly through the distinctive stacked 
organization of Golgi compartments, was unknown. In- 
deed, whether these compartments were separate or 
interconnected was a matter of intense debate. 
To begin to address this problem, there was a clear 
need to develop an in vitro biochemical assay. This 
posed a challenge given the current scientific attitude. 
The strong emphasis on morphology for nearly two de- 
cades had given rise to the belief that the transport 
activity of organelles within the secretory pathway was 
undoubtedly structurally integrated with the architecture 
of the intact cell. Hence, it was unlikely that organelles 
such as the Golgi would function after cell homogeniza- 
tion, even though assays that reconstituted cotransla- 
tional insertion of protein into the ER were robust (BIo- 
bel, 2000). Fortunately, as a graduate student in 
microbiology studying the biochemistry of methanogen- 
esis and the evolution of archaebacteria (Balch et al., 
1977; Fox et al., 1980), I was ignorant of the current 
concerns of the field when Jim proposed we reconstitute 
transport of cargo through the Golgi. 
To accomplish the goal of developing an in vitro vesic- 
ular transport assay, a variety of issues needed to be 
surmounted. One of these was the choice of a cargo 
molecule. Eric Fries, a postdoctoral fellow who had 
joined Jim's laboratory prior to my arrival, had made 
use of vesicular stomatitis virus (VSV) infected cells to 
study ER-to-Golgi transport (Fries and Rothman, 1980). 
VSV infection inhibited host protein synthesis and popu- 
lated the secretory pathway with only one form of cargo, 
the transmembrane glycoprotein VSV-G. During synthe- 
sis in the endoplasmic reticulum, VSV-G acquired two 
N-linked oligosaccharides that were processed by Golgi 
glycosyltransferases n route to the cell surface. Thus, 
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unlike many endogenous proteins, VSV-infected cells 
had the experimentally useful advantage of allowing us 
to control the type of cargo flowing through the secretory 
pathway. I always found it interesting that our early ex- 
periments were criticized on the basis of using VSV-G 
rather than an endogenous protein. In fact, viruses like 
VSV (whose genome encodes only 5 proteins) could 
not possibly invent the secretory pathway. Moreover, 
evolutionary pressure (which is rapid for a virus relative 
to the host cell) quickly selects for the most efficient 
pathway to virus production. Hence, it was likely that 
VSV-G evolved the optimal trafficking signals that would 
normally be used by endogenous proteins to insure its 
highly efficient, selective transport to the cell surface, 
a result borne out by subsequent studies (Nishimura 
and Balch, 1997). 
Having a cargo molecule in hand, the next challenge 
was how to quantitatively assess transport between 
Golgi compartments in the test tube. Morphological evi- 
dence using immunohistochemistry and biochemical 
studies by Stuart Kornfeld and colleagues established 
that Golgi processing enzymes act sequentially, re- 
flecting their cis to trans distribution across the stack 
(Kornfeld and Komfeld, 1985). Importantly, mutant cell 
lines were available that were defective in specific glyco- 
sylation steps (Gottlieb et al., 1975). These results pro- 
vided us with an intriguing solution. Taking advantage 
of the fact that VSV-G was a glycoprotein, what if one 
were to mix Golgi prepared from a VSV-infected cell line 
deficient in a processing enzyme with Golgi prepared 
from a noninfected wild-type cell line and use "inter- 
Golgi" transport as a measure of "intra-Golgi" transport? 
The hypothesis was that only the VSV-G that was trans- 
ferred from the mutant to the wild-type Golgi compart- 
ment would be modified by the endogenous processing 
enzyme. Such a "complementation assay" would pro- 
vide us for the first time with a potential approach to 
identify and characterize the molecular components di- 
recting transfer. 
However, further challenges remained. First, how 
would we score transfer of VSV-G between stacks? For- 
tunately, Carlos Hirschberg provided us with the tool 
we needed. He had been studying the mechanisms of 
protein glycosylation in the Golgi and observed that 
enriched Golgi fractions require sugar-nucleotide pre- 
cursors to glycosylate N-linked oligosaccharides 
attached to resident proteins (Perez and Hirschberg, 
1985). For this reason, we chose to detect transport by 
following the incorporation of a radiolabeled sugar into 
the oligosaccharide backbone of VSV-G as it passed 
from the mutant Golgi stack to the wild-type Golgi stack. 
Recovery of VSV-G by immunoprecipitation a d capture 
of the immunoprecipitate on a nitrocellulose filter pro- 
vided a facile and rapid approach to quantitatively mea- 
sure the extent of radiolabel incorporated into VSV-G, 
and hence transfer. 
Another issue was to reproducibly obtain functional 
Golgi from our various cell lines. Cell homogenization 
was key, and we started by employing lass homogeniz- 
ers developed for subcellular fractionation of tissues. 
Cell 
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Although this type of homogenization protocol worked 
efficiently to shear cells into fragments in intact tissues 
because they are tightly linked to one another through 
the extracellular connective material, glass homogeniz- 
ers worked very inefficiently on tissue culture cells 
grown in suspension, our source of both mutant and 
wild-type Golgi. Being a compulsive builder, I designed 
a more high-tech homogenizer involving precision bores 
linked by a passageway in which the cells encountered 
a precision ball bearing used in the guidance systems 
of aircraft. Under these conditions, individual cells faced 
significant shear as they passed between the wall of the 
chamber and the ball bearing. The first prototype was 
built by the Stanford shop and promptly dubbed 
"Balch's ball-buster," now more tactfully referred to as 
the ball bearing homogenizer (Balch and Rothman, 1985) 
(http://www.homogenizer.de/). It really worked. 
With the conceptual design of the assay and the com- 
ponents in place, the only thing remaining was to see 
if the idea worked. We reasoned that transport would 
require energy in the form of ATP based on previous 
observations by Palade and Jamieson (Jamieson and 
Palade, 1971). Whether it also required soluble compo- 
nents prepared from the cytoplasm released from ho- 
mogenized cells (cytosol) was an unknown, In our first 
incubation, the level of radiolabeling of VSV-G recovered 
from a reaction containing Golgi, ATP, and rat liver cyto- 
sol was not exactly spectacular--50 counts per minute 
(cpm) over a background of 25 cpm. However, it was 
encouraging. Three months later, with a signal to noise 
of 100:1 (10,000 cpm with a 100 cpm background) in a 
reaction that was both ATP and cytosol-dependent, we 
felt we were onto something. 
Working with other members of the lab, including a 
graduate student Bill Dunphy, who fractionated the 
Golgi into individual cistemae (Dunphy and Rothman, 
1985), and a postdoctoral fellow Bill Braell, who morpho- 
logically characterized the assay (Braell et al., 1984), 
we were able to address a number of new points. The 
combined results suggested that transfer between the 
two different Golgi stacks was occurring by a dissocia- 
tive mechanism. We therefore proposed that it was likely 
to occur by vesicular carriers through a selective mecha- 
nism that could distinguish cargo from resident proteins. 
This interpretation posed a challenge to prevailing mod- 
els based on morphological studies. 
The most important impact of the new assay was to 
provide a means to dissect the biochemical mechanism 
of vesicular transport. Subsequent members of Jim's 
laboratory went on to identify and purify both coat com- 
ponents involved in vesicle formation (COPI or coa- 
tomer) (Orci et al., 1993) and components involved in 
vesicle fusion (NSF, SNAPs, and SNAREs) (Rothman, 
2002). Indeed, the utility of the in vitro assay to biochemi- 
cally characterize proteins has had a more general im- 
pact on our understanding of the vesicular traffic in the 
cell. The realization that components similar to those 
facilitating Golgi transport were also required for neuro- 
transmission (Sollner et al., 1993a, 1993b) led to the 
current view that families of related vesicle formation 
and fusion proteins mediate transport throughout he 
exocytic and endocytic pathways. In hindsight, by tack- 
ling a problem with an ambitious new biochemical ap- 
proach, the Golgi assay set the stage for a new era in 
the cell biology of membrane trafficking. 
Where do we stand today and what is in the future? 
The specific mechanisms by which coat and SNARE 
machineries function within the Golgi remain a challenge 
to dissect. While the fundamental principles embodied 
in the in vitro complementation assay that led to the 
discovery of components that direct vesicle budding 
and vesicle fusion remain solid, the Golgi is no stranger 
to controversy (Farquhar and Palade, 1998). Since its 
discovery by Camillo Golgi in 1898 using the iron-rich 
waters of Florence for staining of neurons, attempts to 
interpret the mechanism of Golgi function haunts all 
investigators who dare to tackle this central problem in 
cell biology--a point more poignantly referred to as "the 
curse of the Golgi." One inherent problem stems from 
the need for recycling of transport components-- 
backward and forward vesicular transport steps are 
obligatorily coupled, making it difficult o assign function 
to individual components. 
We can count on both conceptual advances and new 
technologies for ever-evolving interpretations of Golgi 
structure and function. Real-time, high resolution fluo- 
rescence imaging approaches linked to electron micros- 
copy to visualize and capture sequential snapshots of 
the Golgi in action will allow us to begin to model this 
very dynamic organelle. Further application of proteo- 
mic approaches (Taylor et al., 2000) to generate a bioinf- 
ormatics base (the Golgiome?) will be important o as- 
semble the puzzle of protein interactions defining Golgi 
architecture. With over 300 proteins now recognized to 
minimally define the composition of the Golgi stack, an 
integrated understanding of its function will ultimately 
be a problem for systems biology. However, at the base 
of this pyramid of dynamic morphological properties 
and protein interactions will remain the need for under- 
standing the biochemical role of each component. This 
will most certainly involve a new generation of in vitro 
vesicular traffic assays. 
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Summary 
Cells of a Saccharomyces cerevisiae mutant that is 
temperature-sensitive for secretion and cell surface 
growth become dense during incubation at the non- 
permissive temperature (37°C). This property al- 
lows the selection of additional secretory mutants 
by sedimentation of mutagenized cells on a Ludox 
density gradient. Colonies derived from dense cells 
are screened for conditional growth and secretion 
of invertase and acid phosphatase. The sec mutant 
strains that accumulate an abnormally large intra- 
cellular pool of invertase at 37°C (188 mutant 
clones) fall into 23 complementation groups, and 
the distribution of mutant alleles suggests that more 
complementation groups could be found. Bud emer- 
gence and incorporation of a plasma membrane 
sulfate permease activity stop quickly after a shift 
to 37°C. Many of the mutants are thermoreversible; 
upon return to the permissive temperature (25°C) 
the accumulated invertase is secreted. Electron mi- 
croscopy of sec  mutant cells reveals, with one ex- 
ception, the temperature-dependent accumulation 
of membrane-enclosed secretory organelles. We 
suggest that these structures represent intermedi- 
ates in a pathway in which secretion and plasma 
membrane assembly are colinear. 
Introduction 
Studies of the secretory process in eucaryotic cells 
have focused on the molecular events associated with 
synthesis and processing of specific secretory and 
membrane proteins, and on the organelles which me- 
diate passage from the endoplasmic reticulum to the 
cell surface. While much is known about the matura- 
tion of certain secretory and membrane polypeptides 
(such as insulin, Chan, Keim and Steiner, 1976; VSV 
glycoprotein, Katz et al., 1977), the molecular events 
associated with sorting, packaging, transport and ex- 
ocytosis of the exported proteins remain obscure. 
We have undertaken a study of the secretory ap- 
paratus in the yeast Saccharomyces cerevisiae. While 
yeast cells are not specialized for secretion as are, for 
example, the acinar cells of the pancreas (Palade, 
1975), the ease of a combined genetic and biochem- 
ical approach allows the use of techniques which have 
been less feasible with traditional secretory systems. 
The use of conditional mutants has been crucial for the 
analysis of complex bacteriophage morphogene- 
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sis pathways, both in identifying intermediate struc- 
tures and in providing biochemical assays for assem- 
bly steps (Wood and King, 1979). We believe that a 
similar approach may be useful in unraveling a eucar- 
yotic morphogenesis pathway. 
Yeast cell surface growth is restricted primarily to 
enlargement of the bud followed by cell division. In- 
corporation of new cell wall material, including secre- 
tion of the wall-bound enzymes invertase and acid 
phosphatase, is also restricted to the bud (Tkacz and 
Lampen, 1972, 1973; Field and Schekman, 1980). 
Membrane-enclosed vesicles have been implicated in 
secretion and bud growth (Moor, 1967; Matile et al., 
1971). Our recent report of a conditional mutant 
blocked in secretion and cell surface growth, which 
accumulates membrane-enclosed vesicles containing 
a secretory enzyme (Novick and Schekman, 1979), 
supports such a role for vesicles. 
In this report we describe a technique for the en- 
richment of conditional secretory and cell surface 
growth mutants. We have identified a large number of 
complementation groups that are required for the 
movement of at least two secretory enzymes and one 
plasma membrane permease through a series of dis- 
tinct membrane-enclosed organelles in a pathway that 
leads to the cell surface. 
Results 
Secretory mutants are defined as those strains which 
fail to export active invertase and acid phosphatase, 
but continue to synthesize protein under restrictive 
growth conditions. In a previous report (Novick and 
Schekman, 1979) we described a screening proce- 
dure that allowed the identification of two nonallelic 
secretory mutants (secl-1, sec2-1) among a group of 
randomly selected temperature-sensitive yeast mu- 
tants. The first mutant (HMSF 1) stopped dividing and 
enlarging at the nonpermissive temperature (37°C), 
yet protein and phospholipid synthesis continued for 
at least 3 hr. This situation produced dense cells. 
Henry et al. (1977) showed that during inositol star- 
vation of an auxotrophic strain, net cell surface growth 
stopped while cell mass increased. Starved cells could 
be resolved from normal cells on a Ludox density 
gradient. We have used the Ludox density gradient 
technique to select additional secretory mutants. 
Density Enrichment 
In the experiment shown in Figure 1, about 5 × 108 
secl -1 cells were mixed with 5 × 108 X2180 cells, 
and after 3 hr at 37°C the mixture was sedimented in 
a solution of Ludox. The resulting gradient was frac- 
tionated and the genotype of cells in diluted aliquots 
was determined. The 5% increase in density allowed 
secl cells to be separated completely from a 100 fold 
larger population of wild-type cells. 
The density separation made feasible the isolation 
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Summary 
Transport of the VSV-encoded glycoprotein (G pro- 
tein) between successive compartments of the Golgi 
has been reconstituted in a cell-free system and is 
measured, in a rapid and sensitive new assay, by 
the coupled incorporation of ~H-N-acetylglucosa- 
mine (GIcNAc). This glycosylation occurs when G 
protein is transported during mixed incubations from 
the "donor" compartment in Golgi from VSV-infected 
CHO clone 15B cells (missing a key Golgi GIcNAc 
transferase) to the next, successive "acceptor" 
compartment (containing the GIcNAc transferase) in 
Golgi from wild-type CliO cells. Golgi fractions used 
in this assay have been extensively purified, and 
account for all of the donor and acceptor activity in 
the cells. Together with several other lines of evi- 
dence, this indicates that the cell-free system is 
highly specific, measuring only transport between 
sequential compartments in the Golgi stack. Trans- 
port in vitro is almost as efficient as in the cell, and 
requires ATP and the cytosol fraction in addition to 
protein components on the cytoplasmic surface of 
the Golgi membranes. 
Introduction 
To understand the basis for the specificity of subcellular 
compartments, we must leam how cells transport proteins 
to their correct locations and keep them there (Rothman 
and Lenard, 1984). This extensive traffic in proteins and 
membranes is mediated by transport vesicles. We must 
find out how these vesicles bud off from membranes, 
taking away only a select set of proteins ("protein sorting'l, 
and how each type of transport vesicle succeeds in fusing 
only with the membrane that envelops its designated target 
("vesicle sorting"), ensuring accurate delivery of the desired 
proteins. Cell-free systems that faithfully reproduce these 
processes are needed to unravel this biochemistry. In this 
and two following papers (Braell et al., 1984; Balch et al., 
1984), we describe and analyze a cell-free system that 
seems to reconstitute accurately intercomparlmantal trans- 
port as it occurs in the context of the Golgi stack. It seems 
likely that both the budding of transport vesicles (from one 
set of Golgi cistemae) and their select fusion (with the next 
set of cistemae) take place. 
The Golgi is an organelle particularly well suited for a 
functional reconstitution because its stack can be isolated 
This paper is dedicated to Professor Eugene P. Kennedy on the occasion 
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essentially intact (Fleischer, 1974) and because it is spe- 
cialized for protein transport (Farquhar and Palade, 1981; 
Rothman, 1981; Tartakoff, 1982). Thus membrane com- 
ponents needed for transport should be especially con- 
centrated in Golgi fractions. In addition, the actions of the 
series of glycosyltransferases present in the sequential 
cisternae of the stack offer a ready means to measure the 
transport of a protein between these successive compart- 
ments, making cumbersome physical separations unnec- 
essary. Three distinct compartments, each consisting of a 
small number of cistemae, are distinguished within the 
stack by several, quite independent lines of evidence 
('l'artakoff, 1982, 1983; Rothman, 1981; Dunphy et al., 
1981; Roth and Berger, 1982; Griffiths et al., 1982; Roth, 
1983; Dunphy and Rothman, 1983; Goldberg and Kom- 
feld, 1983; Deutscher et al., 1983; Rothman et al., 1984a, 
1984b). These compartments have been termed cis, 
medial, and trans, in the order of their encounter by 
transported glycoproteins (Griffiths et al., 1983). Galactose 
residues are added to the Asn-linked oligosaccharides of 
transported glycoproteins in the trans compartment; N- 
acetylglucosamine (GIcNAc) residues in an eadier com- 
partment now known to consist of several medialcistemae 
(Dunphy et al., 1985). Fatty acids are attached covalently 
either just before or after entry into the Golgi, which occurs 
at the cis face (Bergmann and Singer, 1983). 
Transport between the successive compartments of the 
Golgi stack is a vectorial process that is dissociative in 
nature. Thus, when transport vesicles are allowed to 
choose between targets in the Golgi population from which 
they had budded and those in a second, exogenous 
population of Golgi (introduced by cell fusion), the ensuing 
fusion occurs on an entirely random basis (Rothman et al., 
1984a, 1984b). This implies that, even in the cell, transport 
vesicles are sorted on the basis of a biochemical specificity 
and not physical proximity. Preexisting cytoplasmic orga- 
nization is not important for accurate transport between 
Golgi compartments. 
In this and previous work (Fries and Rothman, 1980, 
1981; Rothman and Fries, 1981; Dunphy et al., 1981; 
Rothman et al., 1984b) we have taken advantage of both 
the dissociative nature of transport in the Golgi and a 
mutant defective in a step in glycosylation (but not in 
transport) to design an assay that measures transfers 
between successive Golgi compartments in vitro. The 
mutant is clone 15B of CHO cells (Gottlieb et al., 1975; 
Tabas and Komfeld, 1978), missing the Golgi enzyme 
GIcNAc transferase I. This enzyme is normally present in 
the medial cistemae of the stack (Dunphy et al., 1985), 
and is needed to initiate the steps resulting in the addition 
of peripheral GIcNAc, Gal, and sialic acid residues to form 
complex-type Asn-linked oligosaccharides in the Golgi 
(Hubbard and Ivatt, 1981; Schachter et al., 1983). We 
study the transport of the vesicular stomatitis virus (VSV)- 
encoded glycoprotein (G protein) because this single 
membrane protein replaces the entire population of newly 
synthesized proteins in the Golgi during a viral infection 
(Zilberstein et al., 1981). G protein is synthesized in the 
